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Mutants of simian virus 40 (SV40) with base substitutions at or near tlie origin of 
replication of the viral genome have been constructed by bisulfite mutagenesis 
at the BgZI restriction site of SV40 DNA, followed by transfection of cells with tlie 
Bgll-resistant (BgZIr) DNA so generated. Based on plaque morphology a t  
different temperatures, tlie resulting BgZI’ mutants could be classified into four 
groups. Class I mutants (dosignated ar for “altered restriction”) were indistin- 
guishable from wild-type SV40 ; class I1 mutants (designated shp for “sharp 
plaque”) produced small, sharp-edged plaques ; class 111 mutants (designated 
sp  for “small plaque”) produced small plaques at 32”C, 37°C and 40“C; and class 
IV mutants (designated cs for “cold sensitive”) produced small plaques at 32°C 
and wild-type plaques at 37°C and 40°C. That tlie altered plaque morphology of 
sp and c9 mutants was related to mutation at the BgZI restriction site was 
demonstrated by co-reversion to wild-type of the plaque phenotype and Bgll 
sensitivity. The nucleotide sequence around the original BgZI site was determined 
in the DNA from one mutant of each class. In  each case a different base-pair 
substitution was found, at a site outside sequences coding for SV40 proteins. 
When rates of replication of mutant DNAs were measured during productive 
infection, ar mutant DNA was synthosized at a rate comparable to that of 
wild-type SV40 DNA, shp mutant DNA was made at a rate exceeding that of 
wild-type, s p  mutant DNA was synthesized at a lower rate than that of wild type. 
and cs mutant DNA synthesis was reduced at 32”C, but about tlie same as t11r 
wild-type rate at 40°C. These patterns of mutant DNA synthesis were unaltered 
iri cells co-infected with mutant and wild-type virus, i.e. the defects in DNA 
syntliesis were not trans-complementable. We concludo that  the dcfoctive 
mutants have single base-pair changes in a cis elenleiit that determines the rat(. 
of viral DNA replication, presumably within the origin signal itself. 

1. Introduction 
The developmental cycle of simian virus 40 in permissive monkey cells involves sequen- 
tial expression of viral genetic elements : transcription of early genes, processing and 
translation of early RNA, replication of viral DNA, transcription of late genes, and 
processing and translation of late RNA (for recent reviews, see Fareed & Davoli, 
1977 ; Reddy et al., 1978; Fiers et al., 1978). At each of these steps, signals in the DNA 
or RNA appear to regulate the rate at which a given molecular event occurs. One 
way to determine the nature and function of such regulatory signals is to  isolate and 
characterize viral mutants with altered signals. Since a physical and functional map 

0022-2836/79/200SOl-17 $02.00/0 0 3979 Academic Press Inc. (London) Ltd. 
801 



802 I). SHORTLE A N I )  D .  NATHANR 

of the SV40i genome and its total nucleotide sequence are now available, i t  is possible 
to identify specific regions of the genome likely to contain regulatory elenlents and 
to construct mutants with alterations within the relevant DNB segmenth. ITor this 
purpose mutants with single base-pair changes would be especially valuable. With 
this objective in mind, we have recently developed a local mutagenesis method that 
efficiently generates viral mutants with base substitutions at pre-selected sites in the 
viral DNA (Shortle & Nathans, 1978~) .  Our first application of this method. reported 
in this paper, has been the construction and characterization of mutants with base 
alterations a t  the origin of replication of SV40 DNA. 

Replication of the SV40 genome begins a t  a unique site in the viral DNA, between 
the coding sequence for early and late genes a t  co-ordinate 0.67 in the standard SV40 
map, and proceeds bidirectionally around the circular molecule, terminating oppositr 
the origin (Danna & Nathans, 1972; Fareed et al., 1972). The origin of replication 
(mi) appears to be a specific nucleotide sequence signal, whereas the terminus of 
replication coincides with the junction of the two growing forks rather than a particular 
sequence (Brockman et aE., 1975; Lai & Nathans, 1975). Analysis of deletion mutants 
and evolutionary variants of SV40 indicates that the ori sequence is within an 
approximately 75 base-pair segment between map co-ordinates 0.66 and 0.67 (Gutai 
& Nathans, 1978; Subramanian & Shcnk, 1978; DiMaio & Nathans, unpublished 
observations). This viral DNA segment also binds tightly to SV40 T antigen (Tjian. 
1978), the protein product of the early gene required for initiation of viral DNA 
replication (Tegtmeyer, 1972). Examination of the nucleotidc sequence between 0.66 
and 0.675 of a map unit reveals an array of overlapping symmetrical sequences 
(Subramanian et al., 1977), including a 27 base-pair G + C-rich palindrome (Fig. l ) ,  
the twofold symmetry of which could be related to bidirectional initiation of replica- 
tion. We therefore set out to generate mutants with base substitutions within this 

Eorly 
genes 0 gene (5) 

8gl I 

5' CAGAGGCCGAGGC G GCCTCGGCCTCTG 
3' ~ ~ l c ~ l  

FIQ. 1. A simplified map of the SV40 genome, showing the 27 base-pair symmetrical nucleotidc 
sequence a t  the map position of the origin of replication ( o ~ i )  of viral DNA. Circular arrows 
indicate the direction of early and late transcription and the junctions between early tlnd late 
genomic segments at 0-17 and 0.67 of a map unit. Positions of Hind11 and I11 fragments A to K 
are noted (Danna et al., 1973). The numbers below the sequence (hyphens omitted for clarity) 
indicate the nucleotide positions assigned by Reddy et al. (1978). RgZI cleaves within this palin- 
drome (Zain & Roberts, personal communication). 

t Abbreviations used: SV40, simian virus 40; wt, wild-type. 
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palindrome. Among the  resulting mutants  were three phenotypically distinct groups 
with non-complementable defects in viral DNA replication. By correlating nucleotide 
changes in mutant DNAs with their rates of replication, we have identifid specific 
nucleotide pairs that appear to  be part of the  ori signal. 

2. Materials and Methods 
(a) E n z y w  and gel electrophoresis 

-411 enzymes were purchased from commercial sources except BgZI and A l d ,  which were 
prepared by published procedures (Duncan et al., 1978; Roberts et al., 1976). Electro- 
phoresis in agarose and acrylarnide gels was carried out as previously described (Brockmari 
9; Nathans, 1974). 

(b) BglI -resistant S J'dO rnuta?ts 

Details of the cnzymatic and chemical reactions used in the construction of the BglI' 
SVlO miitants described in this paper have been publishod clsewliere (Shortle & Nathans, 
1 9 7 8 ~ ) .  Stocks of mutant virus were prepared by infecting BSC-40 cells in 75 cm2 fltmks 
iv j t l i  twice plaqu~-purified mutant isolatcs. 

(c) Rates of mutant v i r w  production 
Confluent monolayers of BSC-40 cells (Brockman & Nathans, 1974) in 16-mm microwells 

(about IO5 cells) werc infected at a multiplicity of 4 with 0-1 ml of diluted virus stock. 
After a 2-11 adsorption period at 37"C, 0.9 ml of minimal essential medium plus 2% fetal 
calf serum (MEM-2) was added, and the dishes were transferred to the appropriate 
temperaturt? (see text). At various times after infection, I set of infected cells was lysed 
I>y 3 cyclw of freeze-thawing, and the number of plaque-forming units present 111 the 
total lysate was determined. 

(d)  DNL4 sequencing 
Purified viral DNA cleaved u i t h  HindIII a id  dephosphorylated with bacterial alkaline 

pliosphatwe was labelled at 5' termini using bacteriophage T4 polynucleotide kinase and 
I Y - ~ ~ P ] A T P  (New England Nuclear, 1000 to 3000 Ci/mrnol) (Maxam & Gilbert, 1977). 
After digestion with HpaII the labelled fragments were resolved on 5% (w/v) poly- 
acrylamide gels. The desired fragment (from map co-ordinate 0.655 to  0-725) was eluted 
and then chemically cleaved by the method of Maxam c% Gilbert (1977). In  one experiment 
SV40 HindIII fragments were labelled instead at their 3' termini before HpdI cleavage. 
For this purpose 15 pg of HindIII-digested SV40 DNA, 75 pCi of [a-32P]dATP (New 
England Nuclear, 2000 Ci/mmol), 1.2 units of DNA polymerase I from Micrococcua lz~teus,  
70 mM-Tris.HC1 (pH 8.0), 7 miw-MgCl, and 1 m~-2-mcrcaptoethanol were incubated at 
25°C for 15 min in a total volume of 45 pl. 

To resolve the nucleotide-specific chemical clcavage products, electrophoresis WLW 

carried out on a 10% ( 1 :  20) polyacrylamide gel (0.3 rnm x 20 cm x 40 cm) in a buffer 
containing 8.3 M-urea, 110 mix-Tris-borate (pH 8.3), 2.2 mM-EDTA at 1700 V and 20 mA 
(Sanger & Coulsori, 1978). Under these conditions the gel becomes sufficieritly hot to 
denature the 12 to 13 base-pair hairpin encompassing the BglI site. (We are grateful to 
R. J. Roberts for detailed information on the electrophoresis procedure.) 

(e) Quantitation of viral DNA synthesis 
Confluent monolayers of BSC-40 cells in 16-mm microwells were infected at a multiplicity 

of 4 with 100 pl of a diluted virus stock. After a 2-11 adsorption period at 37"C, 1.0 ml of 
MEM-2 containing 20 pCi of [3H]thymiditie (6.7 Cipnrnol. New England Nuclear) was 
added t,o each microwell. For those inicrowtrlls labelled for more than 3.1 11, the C3H]- 
t,liymidine medium was replaced at 24-11 intervals. (Control experiments established that 
the concentration of 3H label in the medium declines by no more than 20% in any 24-11 
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period during infection.) At the eritl of s l~belling intervsl, the rriediurii w - w  withdrawn, 
and 0.1 in1 of lysing solution (10 I~~M-EDTA,  pH 7.5 ,  0-60,b sodium dodccyl sulfate) 
corit,aining 15,000 cts/min of 32P-labellcd SV40 forin I DNA was added to eacli niicrowell. 
Viral DNA \vas tlieri isolated by t,he procodtire (Jf flirt (1967). To piirify thr viral DNA 
further, each sample \\'AS digested with RnmH-I to linearize all viral DN.4 forrns and was 
then electrophoresed i n  il 1.4"/; izgarose gel. Bftcr localization by autoradiography, the 
\ - i d  DNA band \vas recovered in a small slice of agarose, placed i i i  tl g1a.s~ scintillatio~i 
vial contaiiiitig 1 . 0  nil water, autoclaved for 5 min, cooled to approx. 5O"C, arid then It ni l  
of scintillat.ion counting fiuid added. The 32P-labelled SV40 marker served as an internal 
standard for normalizing the recovery of 3H-1aballed viral DNA. DNA synthesis experiments 
in which cells were coinfected with a RgZlr mutant plus wild-type SV40 followed this same 
protocol, except for tho following: ( 1 )  3HH-labelling (20 pCi L3H]thyinidine in 0 .3  nil 
MEM-2) \vas carried out as a 4-h ptrlse ii.rid was terminated by the addition of lysing 
solution ; (2)  15,000 cts/tnin of botli 32P-labclIcd wild-type SV40 DNA atid 32P-labelled 
~ 1 0 2 6  DNA (BgZI') \vert* added to ritcli 0 . 1  in1  of lvsing solution; ittid ( 3 )  viral DNA X V ~ L S  

clea\.ed wit,lr hot.li BiamH -I  and  Bgll t,o pcrniit, t.1ectrophorrtic frtictiotiat,ioii of iniititrit. 
DN-4 [full-length linear Ixilid) froin \vild-typr \ . i d  DNA (double band of S2O(, atid 48'?(, 
fragment,s). 

( f )  I,ocu/izntiotc of teritui,ti,cLs i!f cv'ral l ) ~ V & 4  rsplicutioth 
Tlie dist,ribiltioti of I 3H]thyiiiitlinr ttinotig tlic. H%itdIl  I frttgtnerits of pnlse-1:~Lhallrtl 

forni I viral DN.4 was tlrtermined by the niotliod of Daiina & Natlians (1973) .  For cs-  
perinients conducted a t  37"C, an 8-min pulse of 200 pCi [3H]thymidine (8 .7  Ci/mmol) iri 

2 ml MEM-2 was applied to each 10-cm dish of BSC-40 crlls a t  33 11 post-infect,ion; for 
expcrimexits at 32"C, a 15-rnin pdso  was used 95 1 1  po&irifectioti. 

3. Results 
(a) Construct~ion of ori wt;utunts by local mutagetLesi.s 

SV40 oi i  mutants were constructed by the recently described local mutagenesis 
method (Shortle & Nathans, 1978a), as outlined in Figure 2 .  Tn brief, vird DNA was 
nicked in one strand with endo R. BglI, which is known to cut SV40 DNA within the 
palindrome shown in Figure 1 (Zain & Roberts, personal communication). The BgZZ 
nick was then extended in the 5' + 3' direction into a gap of about five nucleotides 
with 11.1. luteus DNA polymerase I. As seen in Figure 2, two populations of gapped 
molecules should be formed, depending on which strand was nicked by BglI. In the 
next step, the gapped DNA was t,reated with the single-strand-specific mutagen 
sodium bisulfite to deaminate exposed cytosine residues within the gap. As noted in 
Figure 2, the expected targets of bisulfik are C residues at positions 5154 and 5155 
((25154 and C5155) in one population of molecules. and C516l and C5162 in the other?. 
Conditions were chosen so t.liat 3O"i; of cyt,osine residues in single-stranded DNA 
would be deaminated to uracil (Shortle & Nathsns, 1978a), i.e. in most molecules only 
one of the two exposed C residues would be deaminated. After repair of the gap with 
DNA polymerase and treatment of repaired DNA with BglI, BgZI-resistant (BgZI') 
form I1 DNA was isolated by gel electrophoresis and used to  transfect monolayers of 
BSC-40 African green monkey cells. Randomly picked plaques were surveyed for the 
presence of BglI' mutants by infecting monolayers of BSC-40 cells with individual 
plaque suspensions, labelling DNA with and testing the extracted 3aP-labellcd 

t Nuclwtidr pairs I A P ~  niimbzre(1 &cw>rding t o  Riv l~ ly  cjl ( i l .  (1!J78). [ II  the Ilutnbering system of 
Piers el 0 2 .  (1978). position 5161 correuponiis to po8itiinl 0 :  516% to position L1 ; 5164 to position E7; 
and 6155 to position EO. 
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P 
S V 4 0  form I DNA 

BglI t EthBr 
M. luteus P o l 1  I o"'8 Gapped DNA 

9 
10 J Bisulfite reaction - 

- 
Ln 

.) Pol1 + 4dNTP 
t BglI digestion 8 Bg(1' DNA 0 

GAGGCCGAGGCAGCCTC AGGCUGAGGCGGCCTC 
1J I I I I I1 

CTCCGGCTCCGUCGG,~ CTCCGACTCCGFCGGAG 
I I I I I I I  

- - 
'0 

Transfection 0 I 'D 
10 

BglI ' mutant plaques 

FIG. 2. Construction of SV40 mutank with base substitutions within the BgZI recognition 
sequence of the viral DNA. See text for a description of each step in the procedure. The arrows 
ehown in the upper sequences indicate sites of cleavage by BgZC. EthTk, ethidium brolnitle. 
Hyphens have been omitted for clarity. 

varil DNA for susceptibility to endo R. 3gZI. As illustrated in Figure 3, many plaques 
yielded BglI' DNA. Of a total of 23 plaques surveyed in this way, 19 contained BglI' 
mutants. 

The reader may have noticed that one of the specific nicking sites for BgZI given in 
Figure 2 is different from that found by Zain & Roberts (cited in Shortle & Nathans, 
19783). The sites shown in the Figure were determined by the method of McConnell 
et aZ. (1978). A Hi?, fragment of SV40 DNA containing the BgZI site (see Fig. 1) was 
labelled a t  its 5' ends with 32P by means of polynucleotide kinase. The fragment was 
then cut with BglI, and the length of the resulting shorter 5'-labelled strand wits 
precisely determined by elcctrophorcsis in a Maxarn-Gilbert (1977) sequencing gel 
in  which the relevant sequence of the original Hin fragment was displayed. As seen in 
Figure 4, the 5'-labelled strand moves very slightly behind an oligonucleotide scored 
as C. Since this oligonucleotide has a 3' phosphoryl (Maxam & Gilbert, 1977), whereas 
the BglI-ended strand has a 3' hydroxyl, we presume that the slight difference in 
mobility is due to the presence or absence of the charged 3' phosphoryl group 
(McConnell et al., 1978). It should also be noted that the oligonucleotide scored as 
C in the Maxam-Gilbert gel has lost its 3'-terminal C residue and actually ends with 
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FIG. 3. Survey of plaques for BgZI’ mutants. 3al’-lahlled viral UNAs extracted from cells in- 
fected by individual plaque suspensions were subjected to electrophoresis before (odd numbers) 
and after (even numbers) digestion with BgZI. Slots 1 and 2 have wild-type SV40 DNA. All but 
1 of the isolates had BgtI‘ DNA. Unlabelled wild-type DNA present in each samplr was Iinearizeil 
conipletely by BgZI, as shown by staining the gel with ethidium bromide. 

the preceeding G. Therefore BglI cuts this strand of SV40 DNA between residues 
(25159 and C5160 (Fig. 4). Similar analysis of the other strand, using 3’ end-labclled 
DNA, established a BglI scission between C5156 and T5157, as shown in Figurc 4. 

(b) Plaque morphology phenotype of BglP mutants 
When plaques containing Bg1P mutants (collected initially a t  37°C without regard 

to plaque morphology) were replated on BSC-40 cells a t  32”C, 37°C or 40”C, four 
different phenotypes were distinguishable (Fig. 5 ) .  Class 1 mutants resemble wild-type 
virus in the size and character of plaques a t  all three temperatures. These were 
designated ar for “altered restriction”. Class I1 mutants (designated shp for “sharp 
plaque”) produced small plaques with sharp edges a t  all three temperatures, in con- 
trast to wt plaques with indistinct borders. Class I11 mutants (designated sp for 
“small plaque”) yielded tiny, turbid plaques a t  32°C and 40°C and small plaques a t  
37°C. Class IV mutants (designated cs for “cold-sensitive”) produced small plaques 
a t  32”C, but plaques indistinguishable from wt a t  37°C and 40°C. Thus on the basis of 
plaque morphology, mutants with base changes in the BglI recognition site were 
clearly heterogeneous in biological propcrt,ies, and some were partially or conditionally 
defective. 

(c) Rate of mutant virus production in infected celk 
To quantitate the production of mutant virus in infected monkey cells, the rate of 

appearance of plaque-forming units was determined after infection of BSC-40 mono- 
layers with a mutant or wt  virus a t  a multiplicity of 4. As seen in Tablc 1, relative 
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% 0.3 
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AGAGGCCGAGG CGGCCTCG ,+ 
F- 

TC TC C G GC+TC C G C C G G AG C 

8 
c Ti ? 

~ ~ ~ ~ ~ " " ~ ~ " " ' l " l i i '  
5' A G C T T  

3' A 

PIG. 4. Identification of the BgZI cleavage site in each strand of SV40 DNA. Left: the HindIII/ 
HpaII fragment of SV40 DNA (between on-ordinates 0.655 and 0-73) was labelled a t  its 5' ends 
with 3aP and then cleaved with BgZI. The products were denatured and electrophoresed in a 
Rlaxam-Gilbert sequencing gel in which the relevant sequence of the S'-labelled HindIIIIBgZI 
fragment is also displayed (see Materials and Methods). Right : the same HindIII/HpaII fragment 
wit9 labelled at its 3' Hind111 end with [a-3aP]dATP (see Materials and Methods) and then cleaved 
with BgZI. The products were denatured and electrophoresed in a Maxam-Gilbert sequenoing gel 
in which tho relevant sequence of the 3'-labelled HindIII/BglI fragment is also displayed. 

The inferred BgZI cleavage sites are shown in the sequence below the electropherograms. 
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h a .  6 .  Plnquo morphology of &lIr mutants. 

TABLE 1 

Rate of virus production by BglP rnutaiats 

Plaque-forming units/cell 
Temperature Virus 

24 h 48 h 72 h 96 h post-infection 

("C) 
3 7 \vt 0.1 :i 4 1  : M J  

(tr103G 0.22 $0 550 
~ h p  102 7 0.44 ti0 270 

,sp1029 0.11 8 150 
"p 1030 0.20 14 "0 
cs1031 0.10 100 380 

Yp1029 .;04)1 0.25 
Yp1030 0.03 0.40 

32 \v t> 0 ~ 0 9  3.8 

('8 103 1 0 . 0 1  0.35 

40 MI' 13 120 :I70 

sp1030 0.65 8 160 
*vp1029 0.30 2R 180 

production of virus generally correlated well with that expected on the basis of plaque 
size. In  particular, the class I mutant (ar1026) was similar to wt SV40, class I11 
mutants (9~1029 and 1030) showed a low rate of virus production a t  32"C, 37°C and 
40"C, and a class IV mutant (cs1031) was cold sensitive for virus production. However, 
with the class I1 mutant tested (shp1027) the rate of formation of infectious virus was 
about the same as that of wt SV40, even though class I1 mutant plaques are smaller 
than wt plaques. 
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I n  the course of these and subsequent experiments with mutant viruses, we 
noticed differences also in the rate of development of cellular cytopathic effects as 
judged by light microscopy; in particular, cells infected with an sp mutant showed 
delayed cytopathic effect at all three temperatures, and cells infected with a shp 
mutant showed accelerated development of cytopathology. Additionally, infection 
with an sp mutant caused initial proliferation of cells in the monolayer, most marked 
at  32"C, prior to the delayed onset of typical SV40-type cytopathic effect. Presumably 
these effects of sp and shp mutants are related to their respective plaque morphologies. 

(d) Map positiom of mutational sites 

The change in BglI sensitivity localizes the mutational site to the BgZl recognition 
sequence a t  co-ordinate 0.67 in the SV40 map. As noted earlier (Fig. 4), the BglI 
cleavage site in each SV40 DNA strand has been identified a t  the nucleotide level. 
However, the recognition sequence is not yet known. In order to localize the muta- 
tional sites more precisely, mutant DNA was analysed with other restriction enzymes, 
a.nd finally nucleotide sequences about the original BglI site were determined for one 
mutant in each class. 

To exclude the presence of sizable deletions a t  the BglI site, we initially screened 
each of the mutant DNAs with AZuI, which yields a 270 base-pair fragment (Ah-D) 
from wt DNA that includes the BglI site. I n  all cases A h - D  from mutant DNA had 
t,hc same mobility as the w t  A h - D  fragment, thus excluding the presence of deletions 
great'er than about five base-pairs. Next we screened mutant DNA for the presence 
of a new TqT site, since a G-C to A * T  transition a t  position 5154 or 5168 would 

(see Fig. 1). Of 24 mutant DNAs sur- generate t,he Taql recognition site 

vcyed, t w o  contained new TaqI sites that mapped in the region of the original BgZI 
s ik .  Both of these mutants were of the cold-sensitive class (a1031 and cs1032). 
Restriction analysis of the mutant DNAs allowed localization of the new TaqI site 
to the half of the palindromic sequence nearer the early SV40 genes. The inferred base 
substitution in cs1031 and cs1032 DNA, based on these results is therefore a t  position 
5154. 

To verify the inferred base-pair change in a1031 and t,o identify the sequence 
xlterat,ion of the other BgZI' mutant classes, nucleotide sequence analysis of a relevant 
segment, of DNA from one mutant of each class was carried out by the method of 
Maxarn & Gilbert (1977). For this purpose H i n  fragment CD (between 0.655 and 0.86 
niap unit) WAS labelled a t  its 5' ends with 32P and then cut with HpaII (0.72 map unit). 
The resulting fragment with 5'-32P at nucleotide A5090 (map co-ordinate 0.655) was 
then sequenced. The electrophoretic analysis of base-specific cleavage productas is 
shown in Figure 6. In  each case the sequence could be read up to approximatcly 100 
nucleotides from the labelled end, i.e. well beyond the BgZI site of the parental DNA. 
The results of these analyses, including that of wt DNA, are summarized in Figure 7 .  
In sum, ur1026 shows a G.C to A ' T  tmnsition a t  nucleotide position 5161. which is 
the axis of symmetry of the long palindrome; shp1027 has a G . G  to 8 . T  trumversiwn 
a t  position 5155, within the palindrome; sp1030 has a C - C  to A . T  change at position 
5162: and cs1031 has the anticipated C.G to T - A  change at position 5154, creating 
the new TaqI site noted earlier. Thus, each of the C residues exposed to local muta- 
genesis (Fig. 2 )  was altered in one of the four mutant classes. 

T-C-G-A 
A-G-C-T 



or IO26 
A X  G TCC C 

shp 1027 
A > C  G T + C  C 

SP 1030 

A X  G T+C C 
cs 103 

A X  G T+C C 

FIG. 6. Elect,rophoretic separation of base-specific cleavage products of the 5’ 32P-labelled Hin CD fragnientv from mutant DNAs. The fragment in each 
case was labelled at nucleotide 5090 (0.655 map tinit , ) .  The altered nucleotidr is indicated in bold type. 
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38 
corn 

Wild type S V 4 0  5' TCAG AGGbCGAGGCtbCCTCGGCCTCTG 
ClossI(ur lO26) TCAGAGGCCGAGGCAGCCTCGGCCTCTG 
ClassII(s&1OZ7) TCAGAGGCAGAGGCGGCCTCGGCCTCTG 
C l a s s ~ ( ~ 1 0 3 0 )  TCAGAGGCCGAGGCGACCTCGGCCTCTG 
C I O S S  ~ ~ T ( C S I O ~ I )  TCAGAGGTCGAGGCGGCCTCGGCCTCTG 

Fio. 7 .  Nucleot,ido sequence changes in llyZIp xnutsnt, DN4s. Hyphens omitted fur. clnrit,y; 
t d r l  type indicates the altered nucleotide. 

(e) Co-reversion of phen.otype and restriction pattern 

To strengthen the conclusion that the altered phenotype of the various mutants 
is due to the base substitution a t  the BgZI site, we looked for spontaneous revertants 
t.hat produced wild-type plaques and tested their DNA for susceptibility to BglI. 
Individual mutant plaques were used to  initiate virus propagation in microwell cell 
cultures at 32°C. In  the case of sp1030 and cs1031, a large number of revertants were 
detectable after re-plating the microwell virus stocks. In  the case of shp1027, however, 
no revertant plaques were detectable. Of six independently generated revertant, 
plaques from the sp1030 series and six from the cs1031 series tested for sensitivity of 
t,hcir viral DNA to BgZI, all were sensitive. Additionally, all six BgZI" revertants of 
cs1031 had lost the mutant l'aql site noted earlier. Since tho plaque morphology and 
the restriction sites co-reverted to wild type in all instances, we conclude that the 
base-pair changes within the Bgll sit'e account for the mutant phenotypes of sp1030 
and cs1031. We assume that the same holds true for the shp class as well. 

(f) Replication of mutant D N A  
To determine whether BgZ' mutants had altered rates of DNA replication, viral 

DNA synthesis in BSC-40 cells infected with a mutant was compared to viral DNA 
synthesis in wt SV40-infected cells. In each case cells were infected with a single 
mutant, or with wt virus, at a multiplicity of four plaque-forming units per cell, and 
viral DNA was labelled continuously with [3H]thymidine. After extraction of viral 
DNA at various times, the DNA was linearized with BaniHl (to convert all viral 
DNA to a single electrophoretic species), and purified by gel electrophoresis prior to 
assessing its radioactivity. As detailed in Materials and Methods, a fixed amount of 
32P-labelled viral DNA was added to  the cell lysing solution in order to locate the gel 
position of the DNA by autoradiography, and also to normalize the 3H radioactivity 
of each sample, thereby correcting for some variation in recovery of DNA. The results 
are presented in Figures 8 and 9. 

As seen in Figures 8 and 9, viral DNA synthesis in cells infected by ar1026 was 
approximately equal to that in wt-infected cells ; shp1027 DNA synthesis exceeded 
bhat of wt virus by about threefold; sp1029 and sp1030 showed a very low rate of 
viral DNA synthesis; and in the case of cs1031, viral DNA synthesis was slightly 
less than that of wt SV40 a t  37°C. However, as seen in Figure 9, a t  32°C a1031 DNA 
synthesis was about one fifth of the rate of wt;  in contrast, sp mutants showed no 
measurable temperature effect relative to wt (data not shown). A4dditional experiments 
in which viral DNA was pulse-labelled for four hours in the course of productive 
infection by mutant or wt SV40 gave qualitatively similar results, i.e. ar1026 DNA 
sapthesis was similar to that of wt virus a t  32"C, 37°C and 40°C; shp1027 showed 
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Accurnulaflon of viral DNA at 37oc 
451 

F I G .  8. Viral DNA synthesis in  mutant tir wt SV40 infertrtl c r l h  u t  37°C:. T h e  following iiiutants 
were usod: nr1096, 8hp1027, sp1030. 

Accumulation of  viral DNA.class m (cs) 
16 

0 24 46 72  96 
Time post-infection ( h )  

FIG. 9. Vim1 1)NA synthesis In w t t ir ic l  cn1031 -iiifertcvl rdls ut, 3 2 O C  anti 37Y'. 

enhanced DNA synthesis relative to wt 8V40 a t  all three temperatures ; sp1029 and 
1030 showed markedly depressed rates a t  the three teniperatures; and cs1031 was 
cold-sensitive for DNA replication. 

(g) Direction of replication of nautant DNA 
As suggested earlier, bidirectional replication of SV40 DNA may be related to the 

twofold symmetry of the palindromic sequence noted in Figure 1.  Since most of the 
BglI' mutants no longer have perfectly symmetrical sequences within this DNA 
segment, we were curious to learn whether mutant DNA synthesis was still bi- 
directional. To determine this, we mapped the terminus of replication in pulse- 
labelled mutant DNA (Danna & Nathans, 1972). For this purpose mutant-infected 
cells were briefly exposed to [3H]thymidine during active viral DNA replication at 
37°C (or 32°C in the case of cs1031), and 3H-labelled form 1 DNA was isolated by 
electrophoresis in agarose and mixed with uniformly 3aP-labelled wt DNA. This 
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mixture was then digested with Hind111 and the 3H:32P ratio of each fragment 
determined. As sew in Table 2, composite Hin  fragment FJGB, which contains the 
normal replication terminus opposite the origin (see Fig. l ) ,  was clearly the most 
highly labelled with [3H]thymidine in every mutant analysed, as i t  is in wt DNA, 
from which we infer that replication ends within Hin, FJGB. (Unfortunately, pulse- 
labelled sp mutant DNA had too few counts for reliable analysis). Therefore, ar1026, 
shp1027, and cs1031 replication is still bidirectional, loss of palindromic symmetry 
i n  the latter two mutants notwithstanding. 

TABLE 2 

Napping the terminus of replicatioib of rnuta7~t DNL4 

Relative pulse-label in Hznd fragments 
Virus 

PJGBt A CDI HI E 

% t 1 0,015 0.01 I 0.069 0.030 
rarl026 1 0411 0.015 0.10 0.040 
ah?, 102 7 1 0.0 1 (i 0.014 0.07 0.034 
cs1031 (32°C') 1 0.12 0.041 0.39 0.40 
W t  (32°C) 1 0,070 0.089 0.24 0.2 1 

t Contains the site of termination of wt  DNA replication (see Fig. I ) .  The value for thisfragment 

$ Pont,nins tche origin of DNA replication. 
WUJ arbitrarily set at. 1 and values for other fragments were riormalizprl appropriately. 

( 1 1 )  T'iral D N A  s9tLthesi.s it2 cells co-iiqected with mutant and wild-type virus 
Since the BglI  site of SV40 DNA coincides with the map position of the origin of 

replication and lies outside known structural genes, it seemed likely that the DNA 
replication defects of a t  least some of the BglI' mutants involve the ori signal itself. 
Such defectc in a cis-acting element should not be complementable by wt virus 
functions. To test this prediction, cells were infected simultaneously with both a 
mutant and wt virus, each at  a multiplicity of four and the incorporation of [3H]- 
tlryniidine into both BglI' DNA (mutant) and Bgll" DNA (we) was measured during a 
foiir-hour pulse. its detailed in Materials and Methods. As seen in Table 3, each mutant 

TABLE 3 

Rate.? of tuutaxt D N A  synthesis in cella co-i@ected with mutant and 
wild-type X VdO 

Percentage of uild.type rate? 

32°C 3 7 "1: 40°C 
Alutant 

fir1026 72 56 70 
ahp 1 02 7 120 146 370 

8 ~ 1 0 3 9  4.6 1 1  5.8 
.rp 1030 16 4.4 4.1 
cs1031 20 44 118 

t 3H-labelled mutant DNA/3H-labelled wt DNA x 100 after incorporation of [3H]thymidine 
between the following times post-infection: at 32T,  48 to 52 h ;  clt 37°C and 40"C, 24 to 28 h. 
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class showed its characteristic plienotypt., even though wt SV40 gene products were 
present in the same cells: ar1026 DNA sptllesis was similar to that of wt DNA; 
shp1027 DNA synthesis excerdcd that of' w t  a t  all the three temperatures; ~ ~ 1 0 3 1  
DNA synthesis was depressed relative to wt at  3S"C, about one half that of wt a t  
37"C, and approximately the same as that of R t virus a t  40°C; and sp1029 and 1030 
DNA synthesis was depressed a t  all three temperatures. On the basis of these resulth 
we conclude that in each of the defective mutant classes the mutation is in a ciq-  
dominant element that appears to determine the rate of viral DNA replication. 

4. Discussion 
The properties of SV40 ori mutants described in this paper arc summarized in 

Table 4. Four different plaque morphology phenotypes form the basis of classification. 
A prototype mutant of each plaque morphology class was also distinguishablc from 
mutants of the other classes by nucleotide sequence analysis and by measurements 
of viral DNA synthesis. However, since we have so far examined in detail only one 
or two mutants in each class, it  is not get clear that each phenotype is due to a iiniqiw 

TABLE 1 

Properties of BglP point mutanis 

Rata of 
h~~~~~~~~ Base-pair change Plaque morphdogy D N A  synthesis 

Position Change -13 c. 37°C 40°C a . 0 ,  

url026 5161 G.C +- -4.T w t Wt \I' t, \vt 

sp1030 5162 G . C  + A . T  tiny turbid sxnall t,iny turbid ~ .wtt  
cs1031 5154 (I.G -&T.;\ S l l l d l  \v t Wt wt at. 40°C 

shp1027 5155 C . G  --f A . T  small, sharp-. ;wtt 

' \vt at. 32"Ct 

t Not corrected by co-infection with wt HV40. 

base-pair substitution. That the mutant plaque morphology (and presumably altered 
DNA replication) is related to the observed base substitution a t  the BglI site is 
strongly suggested in the case of sp1030 and ~ 1 0 3 1 ,  by the finding that for each 
mutant six independent, spontaneous revertants to wt plaque morphology had all 
regained the BglI site. (Additionally, all revertants of a1031 simultaneously had lost 
the mutant Tag1 site.) Although it is not clear whyshp1027 and 1028 did not produw 
detectable spontaneous revertants, we suggest it is due to the lack of selectivc 
advantage of wt revertant relative to the mutant (see Table 1).  

In  all four mutants analysed the base-pair substitution was in a position expected 
on the basis of the BglI nicking sites and the small 5' -+ 3' gap 'produced by M .  luteus 
DNA polymerase (Shortle & Nathans, 1978a, and Fig. 2).  The fact that we did not 
find any double mutants may be due to their low frequency or possibly to their 
inability to replicate. In three of the mutants C - G  to T.A transitions were found, as 
expected from the specificity of bisulfite in deaminating cytosine residues. However, 
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shp1027 showed a CI-G to A - T  transversion. Since bisulfite is not known t u  cause such 
transversions directly (Hyatsu, 1976), possibly the transversion occurred subsequent 
to an initial C to U change. Examination of the sequence around the affected base-pair 
suggest,s the possibility that an intrastrand loop could form in which U at position 
5155 would be opposite T5165 and thus would be correctable to A by mismatch 
repair. 

We now focus on the major experimental findings, nsmely that single base-pair 
changes at positions 5155, 5154 and 5162 affect the rate of SV40 DNA replication, 
whereas a change a t  position 5161 has littlo or no effect. Since these sites arc outside 
SV4O structural genes we infer that t’he changes in DNA replication are not due to 
altered SV40-coded proteins. Supporting this inference is t,he observation that the 
defects in DNA replication were not correctable by wt, SV40 gene products, indicating 
that the mutations are in a cis-acting element involved in viral DNA synthesis, pre- 
sumably the ori signal previously mapped at’ this general site. Mutants of this type 
t,hus help define the nucleotide sequence comprising the replication origin. From the 
few n1utant.s already characterized it is evident that a single unique nucleotide 
sequence a t  the ori site is not essential for viral DNA replication (since viable mutants 
ha,ve been isolated), and that the rate of replication of the viral replicon depends on 
t8he precise sequence a t  the wri site. Nor is exact sequence symmetry required, even 
for bidirectional replication. Characterization of aclditiona,l, recent isolates should 
extend this “mutational analysis” C J f  the SV40 ori site. 

Our current hypothesis to explain the alt,erations in viral DNA replication in cells 
infected with ori mutants is based on evidence noted earlier for the involvement of 
t.he SV40 A protein (T antigen) in initiation of viral DNA synthesis (Tegtmeyer, 1972), 
t’he location of the origin of replication a t  or near the BgZI cleavage site (Danna & 
Nnthans. 1972; Zain & Roberts, personal communication; Shenk, 1978), and the 
preferential binding of A protein to the same region of the genome (Reed et al., 1975: 
Tjian. 1978). The postulated first step in the replication o f  SV40 DNA is the binding 
(if A prntein to the ori site. We suggest that a single base-pair change in the nucleotide 
sequence recognized by the 4 protein could so aker the binding site that there is 
cit,her a change in the amount of complex or in its activity. According to  this hypo- 
thesis, a G.C+ A .T  change at position 5162 within the inverted repeat sequelice 
lends to less efficient binding, and a C. G t,o A. T change at position 5155 leads to more 
cficient binding of A protein, whereas a change at  the axis of symmetry (positaim 
5161) has littlo effect. In the case of a C.G to T - A  change a t  position 5154 (leading to 
cold-sennitive DNL4 replication) binding niay be less efficient at, 32°C t,han a t  37°C or 
40°C: either because of a temperature-dependent change in the structure of the 
binding site or as a result of a change in secondary structure of the A protein at 32°C. 
If a cruciform configuration of the long, 27 base-pair palindrome a t  the ori site were 
involved in A protein binding, a single base-pair change within the inverted repeat 
sequence (e.g. 5154, 5155) might lead to a marked change in stability, owing to a 
mismatched base-pair in each stem of the cruciform, whereas a change a t  or adjacent 
to the axis of symmetry (5161 or 5162) might not generate any mismatched pairs. 
However, since the 5154 G.C+ A . T  change leads to reduced DNA replication 
(at 32”C), and the 5155 C*G+ A * T  change leads to increased DNA replication, it 
seems unlikely that stability of the cruciform configuration is the primary deter- 
minant of the activity of the ori site. Clearly, investigat,ion of the structure of mutant 
ori segment’s and of A protein binding to the ori site will be required to test t,hese 
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possibilities. Additional insight may come from the characterization of recently 
isolated second-site revertants of our BglI‘ mut*ants. These map in the A gene, from 
which we infer that they produce an A protein that recognizes the mutant DNA 
signal more efficiently than does the wild-type protein. 

It should be noted that SV40 functions other t,han DNA replication niay depend on 
signals in and around the ori site, and that such functions might be altered in ori 
mutants. Since the 5’ ends of both early and late messenger RNAs map in the ori 
region (Reddy et al., 1978), ori mutations may affect rates of early and/or late tran- 
scription. Also, aside from its role in initiating DNA replication, the viral A protein 
inhibits transcription of the A gene, possibly by binding a t  or near t,he ori site 
(Tegtmeyer et aZ., 1975; Reed et aZ., 1976; Khoury & May, 1977). Therefore a class of 
mutants with base changes around ori might have altered autoregulation and hence 
overproduction of A protein. In a preliminary survey of our BgZP mutants it was 
found that both shp1027 and sp1030 overproduce A protein (Lazarowitz, unpublished 
observations), suggesting that, the ori binding sitre arid the autoregulation site, while 
not independent, are not identical. A more detailed study of A protein synthesis and 
of early and late transcription by these and similar mutants is in progress. 

The identification of single base-pair changes that result in BglI resistance oh- 
viously helps define the nucleotide sequence recognized by BgZI. Recently two 
additional mutants have been isolated in which base-pair 5158 or 5159 has been 
altered (Shortle & Nathans, unpublished observations): in each case the BgZI site is 
retained. Therefore t,he BglI recognition sequence must, be interrupted by non- 
specific nucleotides. Combining these dat,a with the nucleot,ide sequencr a t  the Bgll 
cleavagc site of polyoma DNA reported by l~riadmann et al .  (1978), wc conclude t,hat 
the BgZI recognition sequence and cleavage sites are as follow : 

1 
G-C-C-N -N -N -JS -PI’ -G-G-C . . . .  * . . . . . .  
C-G-G-N’ -N’-N ’-hT’-hr’-C-(!-( 

.r 
The frequency of’ BglI sites in a variety of DNAs is consistent with such a six base- 
pair recognition sequence (Roberts, 1978). It should be noted that  BglZ creates 
cohesive termini unique to a given site, as do restrict,ion enzymes that make staggered 
breaks dista.1 to their recognition sequences (Roberts. 1978). 

Finally, we comment briefly on morn general ;tpplicat,ions of the local mutagenesis 
method for the isolation of regulat,ory mutants of SV40. Based on t.he properties of 
ori mutants described in this paper, it  is likely that consBructed mutants with base 
changes in other regulatory signals (e.g., promot’ers, RNA processing signals, ribosome 
binding sites) can be detected by plaque morphology changes a t  different tempera- 
tures, without reliance on changes in restriction enzyme sensitivity. For example, a 
set of conditionally or partially defective BglI-sensitive mutants has been isolated by 
transfecting cells with DNA mutagenized a t  gaps within or adjacent to the BglI site, 
without first enriching for restriction enzyme-resistant molecules. Nor is selectmion of 
genomic sites for local mutagenesis limited to sequences recognized by restriction 
enzymes, since randomly gapped molecules of’SV40 DNA can be fractionated by 
annealing to specific immobilized DNA fragments (Shortle et uZ., 1979). From such 
gapped molecules it should be possible to construct mutants with base substitutions 
(or small deletions) within any pre-determined segment of the viral genome. 
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Note added im proof: A s  indicated in the Discussion, we have recently isolated new ori 
mutants with single base-pair substitutions near the BgZI site. These mutants were con- 
structed by local mutagenesis of SV40 DNA that had been nicked at the BgZI site and 
gapped in the 3’ + 5’ direction by controlled digestion with E .  coli exonculease 111. 
The gapped, mutagenized DNA was then used directly to  generate mutant plaques. Two 
siich mutants whose DNA ret,ained the BgZI site, were cold-sensitive for plaque formitt.ion 
itnd for DNA synthesis; cs 1033 has a G C  t,o A . T  transit,ion a t  position 5158, and cs 1034 
has a C: .c! to T - A  transversion at  position 5159. Thus nucleotide pairs a t  positions 5154, 
5155, 5158, 5159 ant1 5162 appear to be part, o f the  ori signal. 
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